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Abstract
Laser tracking systems are an important aspect of the NASA space program, in partic-
ular for conducting research in relation to satellites and space port launch vehicles. Often,
launches are conducted at remote sites which require all of the test equipment, including
the laser tracking systems, to be portable. Portable systems are more susceptible to envi-
ronmental disturbances which affect the overall tracking resolution, and consequently, the
resolution of any other experimental data being collected at any given time.
This research characterizes the optical coupling between two systems in a Mobile Ex-
perimental Laser Tracking system and evaluates several control solutions to minimize distur-
bances within this coupling. A simulation of the optical path was developed in an extensible
manner such that different control systems could be easily implemented. For an initial test,
several PID controllers were utilized in parallel in order to control mirrors in the optical
coupling. Despite many limiting factors of the hardware, a simple proportional control per-
formed to expectations.
Although a system implementation was never field tested, the simulation results provide
the necessary insight to develop the system further. Recommendations were made for future
system modifications which would allow an even higher tracking resolution.
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my sanity throughout graduate school.
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Tracking objects in the skies in order to obtain visual data and aeronautical telemetry has
been the subject of many aeronautical research endeavors for a long time. Approaches to
the problem of telemetry and tracking, over the years, have ranged from crude visual sight-
ing and RF triangulation methods, to radar, and on to more complex methods employing
real-time data transmission and laser guides vision systems. There is a vast realm of possi-
bilities with the newer multi-faceted systems which provide a broader range of useful data
to researchers. Laser tracking systems with visual feedback have been especially popular.
The video processing systems used in conjunction with these systems has been the subject
of many research projects[1, 2]. Laser telemetry is an additional area of interest.
Much of this research has taken place at the Innovative Science and Technology Ex-
perimentation Facility (ISTEF) in Cape Canaveral, Florida. A picture of this facility is
pictured in figure 1.1. ISTEF utilizes many different fixed and mobile tracking and teleme-
try systems. Amongst these systems is the more recent Mobile Experimental Laser Tracking
(MELT) system, which is the focus hereafter. The MELT employs a tracking turret referred
1
[1, 2]
Figure 1.1: Innovative Science and Technology Experimentation Facility (ISTEF). Photo
courtesy of ISTEF
to as the Small Transportable ISTEF Pedestal System (STRIPS). The MELT system has in
recent years been utilized in many different research projects, including the Mobile Aerial
Tracking and Imaging System (MATRIS)[1] and Infrared Sensing Aeroheating Flight Ex-
periment from the STS-96 Flight Results[2]. A great deal of unpublished research also been
undertaken for an image-processing system which is utilized in conjunction with a tracking
laser and STRIPS in the MELT system. One of the greatest benefits of the MELT system
is that it can act as a testbed for other sensors and systems and provide the object tracking
functionality. This allows other researchers to decrease their prototype development time
significantly. Several configurations of the STRIPS turret in the MELT system can be seen
in figures 1.2, ?? and ??.
2




Currently, the majority of the research undertaken with the MELT system is tracking objects
up to one-hundred kilometers away. Increasing the system’s capabilities to track objects at
longer distances requires a reduction in system noise in order to increase tracking resolution.
All of the components in the MELT system contribute to the noise, however, the largest
contributor to the system’s resolution bottleneck is the deployment environment. This noise
is exaggerated in comparison to a fully contained system because the STRIPS tracking mount
is a separate module from the tracking laser. The Laser is fed through an optical coupling
up through the center of the turret for full azimuth and elevation control. There is suffficient
noise isolation and damping in the tracking laser container and STRIPS mount individually,
however, there is no mechanical damping or disturbance rejection in the coupling between
these two systems. In order to minimize the resolution bottleneck, this section of the optical
path must be characterized and evaluated.
The cost of mechanically coupling the laser container to the tracking turret to reduce
this noise is prohibitive in of itself. The current extent of mechanically coupling these two
4
modules is insubstantial for mechanical noise damping, and consequently is only intended
to protect the path of the tracking laser. The existing coupling can be seen in figure 2.1.
The costs of transporting such a fully contained system only further impedes a completely
Figure 2.1: ISTEF stock photo of the PVC pipe utilized for the optical path coupling.
mechanical solution to damp the environmental disturbances. As such, it is desired to
introduce a digitally controllable coupling mechanism in order to create a system with a
satisfactory level of disturbance rejection. The configuration of the optical coupling has a
number of components which cannot be changed. Other elements can be added, with care,
to enable a proper feedback and control loop to be implemented.
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The identified system resolution restriction results from noise induced misalignments
in the optical coupling which are more apparent as the distance to tracked target increases.
As an example, ten microradians of deviation on the laser’s intended path translates to a
maximum resolution of one meter at a distance of one hundred kilometers. When considering
the earth’s moon, which is approximately four hundred thousand kilometers away from earth,
the maximum resolution with only one microradian of deviation is four hundred meters -
about four football fields in length. This is basic trigonometry based upon the tangent of the
deviation angle. A one meter resolution for a moon bounce would constrain the maximum
allowed deviation to 0.0025µrad. Equation (2.1) was utilized to make these calculations. D
is the objective distance, φ is the beam deviation in radians, and σ is the effective resolution
as a result of the deviation.
D tan(φ) = σ (2.1)
100km ∗ tan(10µrad) = 1m
400, 000km ∗ tan(1µrad) = 400m
For only one meter resolution in tracking the moon, solving for the arctangent of the desired









The current implementation of the MELT system utilizes a fixed optical path for the coupling
between the laser container and the tracking turret. The optical elements are precisely
calibrated before each tracking session with the system. These components are limited to a
single fixed mirror and two controllable mirrors. The two driven mirrors are more commonly
referred to as fast steering mirrors, or FSMs. All three of these mirrors are approximately
ten centimeters in diameter. The laser beam itself is approximately five centimeters in
diameter. The difference in mirror diameter and laser diameter is intended to account for
the wider footprint of the laser beam as it is incident on the mirrors which are positioned
approximately 45◦ to laser’s propagation vector. There is additional room for adjustment
to this footprint as the FSM’s actuate the angle of incidence. The laser’s footprint on these












scale: 2.54 cm : 5.08 cm
Figure 2.2: The beam spot footprint on the 45◦ mirrors.
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These three mirrors determine the path. The laser beam is aimed horizontally at the
first mirror in the laser container which guides the beam downward towards an FSM which
controls the slight variances in the angle of the laser beam as it is guided horizontally out
of the laser container. After passing out of the laser container the beam goes through a
tube and onto a third mirror which guides the laser vertically into the turret. This path is
illustrated in figure 2.3.
At Tracking TurretInside Laser Container
1
2 3
Figure 2.3: The Optical Path that needs to be controlled. The primary components are the
three labeled mirrors.
1) Fixed Mirror.
2) FSM aligned with the first and third mirrors to make a right triangle.
3) FSM centered under the turret.
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2.1.1 Fast Steering Mirrors
As indicated in the illustration of the optical path in figure 2.3, the second and third mirrors
in the path are FSMs. These mirrors are mounted on kinematic mounts fixed with two
DC linear actuators. Specifically, these are model 18012 Oriel Motor Mikes
TM
. These
actuators are DC motors which turn a lead screw for linear actuation, much like a traditional
micrometer. This configuration allows two degrees of freedom for angular adjustments to
the X and Y beam propagation upon reflection.
Figure 2.4: An FSM kinematic mount with two Oriel Motor Mikes
TM
in place. Half dollar
pictured for scaling (width of 1 Half Dollar ≈ 3cm).
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2.1.2 System Disturbances
Optimally, after the laser is reflected from the second FSM, the beam does not shift or vary in
its projected angle. In actuality, there are disturbances in the optical coupling which create
divergences in the beam projection. The overall objective is to reduce these divergences as
much as it is feasible. There are a handful of identifiable disturbance sources in addition to
unknowns which can be attributed to the nature of the MELT system’s mobile configuration.
The introduction of these disturbances is due to the modularity of the design where
the beam leaves the laser container as it is reflected from the second mirror and enters
the tracking turret which is a separate entity. Each system in of itself is isolated as much
as possible for vibrations, however, they do not have any significant mechanical couplings
between them. As a result, vibrations isolated from each individual subsystem are apparent
in the overall system. Vibrations are the primary culprit for disturbance, however, slight
lateral shifts in the laser coupling are also possible. As an example, thermal expansion
differences in the ground at the MELT deployment location can affect the optical coupling
with ultra low frequency transverse disturbances.
Frequency (Hz)
Vibration Source Min Max
Motors & Generators 10 500
Vehicular Traffic 5 100
Human Movement 0 10
Ground Swell 0 0.01
Thermal Expansions 0 0.01
Table 2.1: Sources of of system disturbances and their vibration frequencies.
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2.2 Objectives
The MELT system has many parameters which contribute to the system tracking resolution,
including the distance of the target. The primary objective is to increase this resolution as
much as possible. Realistically, however, a reasonable objective must be set. The equipment
available is definitely a limiting factor in this endeavor. Additionally, only the sections of the
optical path between the two FSMs can be taken in considerations for the current objectives.
Improvements to the system resolution which require modifications and control outside this
optical coupling are outside the scope of this research. More so, many aspects of this system
are classified.
2.2.1 Increasing Resolution
It should be clear by now that the objective is to increase the tracking resolution of the
system, with the assumption that the bottleneck is in the optical coupling. Knowing that,
the system disturbances inherent in this coupling should be the focus of any endeavors
to increase resolution. There are two methods to reduce or eliminate these disturbances:
suppression and compensation. Suppression is impractical in this situation as it would
require a hefty mechanical coupling be made between the tracking turret and the laser
container. Barring suppression, the only option is compensation for the disturbances in the
coupling. This requires actively controlling one or both of the FSMs on either side of the
11
coupling. Depending on the quality of the FSMs, it is possibly to reduce the disturbances
to a negligible level.
In the existing configuration, the Oriel Motor Mikes
TM
will limit the precision and re-
sponse time of any desired disturbance compensations. Accuracy of FSM movements cannot
be guaranteed by the actuators themselves. These actuators will limit the response time
because of their maximum linear speed of 270µm/s which is listed in the data sheet[3]. Fur-
thermore, these motors have a minimum linear speed of 0.5µm/s. The affect of the minimum
speed can only be determined in conjunction with a particular controller implementation.
Since the disturbances in question are oscillatory in nature, the motor backlash must
also be considered. The backlash can be up to 6µm. All of these figures are from the data
sheet[3] and more detail can be seen in table 2.2. This backlash implies that any adjustments
to the FSMs cannot be certain to less than 6µm. Since upgrading these actuators is not in
the budget, their limitations must be accepted. The objective for increased system resolution
will have to take these figures into account.
Specification Units Value
Maximum Linear Speed µm/s 270
Minimum Linear Speed µm/s 0.5
Backlash µm < 6
Maximum Recommended Load kgf 15
Maximum Temperature ◦C 65
Minimum Temperature ◦C 0
Table 2.2: Oriel Motor Mike
TM
specifications from the data sheet[3].
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2.2.2 Effects of the FSM Control Limitations on Resolution
The configuration of the FSMs, coupled with the previously mentioned limitations, is the
determining factor for maximum resolution achievable with any control system attached
to the FSMs. As a result, it is important to understand how these limitations affect the
control of beam divergence. The displacement resolutions of these actuators imply an angular
resolution for beam control. The computation of the angular displacement resolution is
attributed directly to the configuration of the FSMs.
The mirror in each FSM is round, however, the mount in which the mirror resides is
a kinematic mount which is square. At one corner of the mount is a ball joint. The two
adjacent corners are each actuated by an Oriel Motor Mike
TM
. Both actuators are positioned
such that linear movement is orthogonal to the plane of the mirror. A two dimensional side
cut of the actuator positioning with respect to the mirror plane and the ball joint can be




Figure 2.5: A two dimensional side view of an FSM which illustrates the orientation of the
linear actuators to the ball joint and the mirror plane. This also shows how actuation affects
the angular differential of the mirror.
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Ideally, the beam is always reflecting from the mirror to form a right angle. Because of
the disturbances, there will be a slight differential in this reflection angle. Adjustments to the
linear actuators will correct the beam reflection, however, precision and response are limited
by the motor backlash when changing directions. Using a maximum backlash of 6µm, the
angle differential is approximately equal to the arctangent of the ratio of the backlash to the
distance between the FSM ball joint and the actuator contact. The angular differential, δφ,












Since this is a differential adjustment to the angle of the reflecting surface, the angle of
incidence will change by this same differential. The shift in the point of reflection will
be negligible at great distances compared to this angular shift. Consequently, the limit of
resolution based upon the backlash is effectively 60µrad. The overall shift is illustrated in
figure 2.6.
2.2.3 Effects of the FSM Control Limitations on Response Time
The maximum response time of any control implementation utilizing the existing FSMs
will be limited by the linear speed of the actuators. The disturbance amplitude will also





Figure 2.6: An illustration of the shift in the angle of incidence as a result of the shift in the
tilt of the mirror plane in one dimension.
of any noise measurements in the system. All simulation will be based upon best guess
approximations of the noise amplitude. However, since the relationship between the linear
offset of the actuators and the angular displacement, a plot can be made to illustrate the
correlation. This plot can be seen in figure 2.7.
The annotation on the plot indicates the 60µrad point which is relevant to the max-
imum delay caused by the motor backlash, when it occurs. Because of the uncertainty
involved in the actual backlash, coupled with the potential 22ms delay in response, it is
being recommended that these FSM actuators be replaced. These actuators are so old that
any decent replacement will surpass their specifications easily.
15






















Figure 2.7: The minimum response time with respect to the disturbance amplitude. The




A digital controller is the preferred solution for disturbance rejection in the optical path cou-
pling. Primarily this can be attributed to the flexibility of such a solution over a mechanical
solution. But this is especially useful for the inherent ability to utilize this controller in other
aspects of the system, and initial calibration in particular. The specific configuration is due
some careful consideration with the overall system in mind.
3.1 Control Feedback Options
Several control feedback options were examined in the design of the control system. Ac-
celerometers were considered, however, the cost is not feasible given the resolution and
stability characteristics required. Current MEMS technology, which provides the most af-
fordable accelerometer solution, does not have high enough stable resolution. Additionally,
this methodolgy would have no immediate verification and provides only a secondary guess
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as to the possible disturbances to the system. Not only that, but there is no accounting for
lateral shifts in the optical path which were brought up previously.
Due to the nature of the optical path in question, the necessary feedback could be
provided by another laser beam in conjunction with the appropriate optical sensors. The
additional laser is fired down the optical path alongside the main laser beam in order to
obtain a test beam. This is possible due to the fact that the mirrors along the path are
all optically flat and have additional unused space. A second look at the footprint of the
primary laser on these mirrors shows that the space is available. The space comparison is












            0.8 cm
scale: 2.54 cm : 5.08 cm
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This test beam should be able to provide feedback as to disturbances to the optical path.
The remainder of the problem is a matter of getting feedback from this second laser through
optical sensors with an appropriate arrangement. There are predominantly three kinds of
optical sensors capable of providing positioning feedback. Two of these are based upon
photodiodes which are faster, cheaper and easier to implement than the alternative of a
CCD or CMOS camera sensor which would require more processing. The two different
types of photodiode position sensors are almost identical except in the configuration of the
photodiode itself. Additionally, ISTEF has provided one of each of the photodiode sensors.
3.1.1.1 Quadrature Photodiode
One photodiode configuration is that of a quadrature detector which essentially provides
feedback as to the degree which the laser beam is not centered on the detector. The quadra-
ture detector is actually one photodiode which is physically split into the four quadrants of
a set of X and Y axes. The quadrature photodiode provided by ISTEF can be seen in figure
3.2 with a half dollar provided for scale. Like every other photodiode, light incident on the
semiconductor produces a current. Because of the particular configuration of the quadra-
ture photodiode, a laser incident on the detector and centered between the four quadrants
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would produce equal currents in each quadrant. The overall sensor in which the quadrature
photodiode is mounted provides voltage outputs which are proportional to the currents.
Figure 3.2: Pacific Silicon Sensor Quadrature Photodiode QP50-6-SD[4].
The accuracy and resolution of this sensor is dependent upon several factors determined
by the system configuration. The adherence of the beam to a symmetrical footprint incident
on the photodiode is the biggest concern for achieving the greatest resolution. Obviously, a
beam centered amongst the four quadrants must have a symmetrical footprint in order to
produce four equal currents.
Besides the nature of the beam footprint incident on the photodiode, the diameter
of this beam footprint has a great impact on the accuracy as well. The fact is that an
actual production sensor is likely to only have approximately equivalent photodiodes in
each quadrant. In order to minimize possible error from these inequalities, an optimal
configuration prefers the largest possible beam diameter within the acceptable bounds of the
particular sensor.
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The acceptable bounds are confined by the lateral range of the sensor. If the beam
spot is as large the sensor itself, the signal from the photodiodes would be clipped with any
lateral movement of the beam spot. Essentially, the acceptable bounds are defined by the
difference of the lateral range of the sensor and the required lateral range of the beam spot.
With both of these factors in mind, there is a compromise made with respect to the
beam spot diameter incident on the sensor. Additionally, in the event that the lateral
movement of the beam exceeds that which is expected, it is possible to raise a flag to
indicate this error. Most of these sensors provide an output which is based upon the total
incident beam power. A change in this power is indicative of a beam modification or lateral
movement beyond the sensor bounds.
The light intensity incident on the entire surface produces the sensor outputs and thus
contribute to the total incident beam power. This sensor data can be utilized to normalize the
system by taking a measurement of the ambient light power before activating the reference
beam. Regardless of this ability to normalize the system, ambient light degrades the sensor
resolution. The two most common ways to minimize this degradation are to choose a laser
wavelength from the peak of the sensors sensitivity curve, and or use an optical bandpass
filter centered around the laser’s wavelength.
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3.1.1.2 Duolateral Position Sensing Photodiode
The duolateral position sensing photodiode, or X-Y detector for short, typically uses the
same kind of photodiodes as the quadrant detector. The difference is that of configuration.
The X-Y detector is a single photodiode without splits as in the quadrant photodiode. A
resistive layer on the front of the photodiode has electrodes on two opposing corners of the
sensor. There is a second resistive layer on the back which has electrodes placed on the two
remaining opposite corners of the photodiode. The voltage drop across each of these layers
is indicative of the position of the centroid of a laser incident on the photodiode surface.
The duolateral photodiode sensor provided by ISTEF is pictured in figure 3.3.
Figure 3.3: Pacific Silicon Sensor Duolateral Position Photodiode DL100-7PCBA[5].
The accuracy and resolution of the X-Y detector, like the quadrature photodiode, are
also dependent upon elements of configuration. This particular sensor typically provides two
outputs which are proportional to the lateral X and Y positions of the beam spot centroid.
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Because it is a measure of the centroid, the adherence to a symmetric beam spot is equally
important to that of the quadrant photodiode. Unlike the quadrature detector, however, the
duolateral sensor has a larger range of operation for the beam position because there is no
requirement for the beam to be touching all four quadrants at the same time.
The nature of the centroid measurement also dictates that the resolution will increase
as the beam diameter decreases. There is a practical limit to the increase in the resolution.
A photodiode requires a certain amount of incident power in order to be able to provide
the full rail to rail unsaturated response. There is also a threshold for the incident power
on the photodiode; in crossing this threshold, the sensor can be damaged. The threshold is
given by the data sheet[5] as 1.5W/cm2, or 15mW/mm2. This rating, in conjunction with
the available laser beam, and the optimum incident laser power dictates the minimum beam
size.
3.1.2 Test Beam Feedback Configurations
Given that one quadrant photodiode and one X-Y detector were obtained for testing pur-
poses, a few different configurations were considered for their utilization. There are many
potential variations of these configurations, however, the bases are covered with these three
considering one of each of the two sensors were available.
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3.1.2.1 Single Sensor Configuration
The first of these configurations utilizes a single X-Y detector or a single quadrant photo-
diode. Given the optical path illustrated in figure 2.3, the first logical configuration is to
place this sensor at the end of the test beam’s path in the tracking turret. This reference
beam could start either on the same fixed mirror as the primary beam, or an additional fixed
mirror alongside the beam. The choice is irrelevant due to the need for initial calibration in
either case. After being reflected from the fixed mirror, the test beam travels parallel to the
primary beam from the first FSM to the second located in the tracking turret. The sensor
is located above this last mirror. The reference beam could skip the first fixed mirror and
pass directly to the first FSM, however, the existing system provides easier alignment if the
reference beam enters the system from the same optical bench from which the tracking laser
originates. In the case of the X-Y detector, there is an additional set of optics just before
the sensor which are intended to focus the beam down to the desired size. The beam spot
size from the given reference laser already provides an adequate spot size for the quadrature
photodiode. An illustration of this configuration is found in figure 3.4.
There are several drawbacks to this configuration. The primary disadvantage is that
the proximity of the tracking turret to the laser container can reduce the available resolution
of system to a bottleneck at the sensor. The next configuration addresses a solution to
increase the system resolution given the limited resolution of the sensor. Additionally, in
the case of the quadrant photodiode, the detection of angular divergences is less apparent
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Figure 3.4: Single sensor test beam configuration.
1) The laser generating the reference test beam.
2) Additional fixed mirror to direct the laser along the primary beam path.
3) Optical set to focus the beam to a fixed size, only used for the X-Y detector.
4) The photodiode sensor - either X-Y or quadrant detector.
than in the case of the X-Y detector. The quadrant sensor is an excellent utility, however,
when it comes to the initial alignment of the system. This is because this sensor is more
geared towards centering. The X-Y sensor is more suited for providing the actual divergence
measurements for the test beam.
3.1.2.2 Double Pass of the Test Beam
This next configuration strives to increase the system resolution based upon the test beam
length. Increasing the test beam length increases the apparent error as a result of angular
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divergence. This essentially translates to a proportional relationship between the detectable
angular divergence and the test beam path length. Simply increasing the distance between
the laser container and the tracking turret will increase the system resolution. There are,
however, practical limitations to this which are based upon the overall system itself. Increas-
ing the distance of the laser away from the first mirror and the detector from the last mirror
only increases the potential for extraneous noise detection.
On the other hand, if the test beam were to double back over itself and pass through
the optical path a second time, the overall test beam length would double. Additionally, the
beam would be subjected to the noise in both systems a second time for another magnification
factor. The principle difference between the first configuration and that of a double pass of
the test beam is that the first fixed mirror now is required to be separate from the primary
beam’s fixed laser so that it can be partially silvered in order to allow the beam to pass
back through it for detection by the sensor. Also, since the sensor is no longer located in
the tracking turret, it must be replaced by a fixed mirror so that the beam can be reflected
back along the path. The optic set for beam focusing in the case of the X-Y detector is also
moved with the sensor. The illustration of this configuration is in figure 3.5.
The main drawback in this configuration, however, is that the complexity of the initial
system alignment can potentially increase. This is especially the case if the X-Y detector is
chosen over the quadrature detector because there is no pre-determined center on which to
zero the beam. The duolateral sensor can be zeroed numerically in the controller; but doing
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Figure 3.5: Double pass of the test beam.
1) The first fixed mirror is now partially silvered to allow the test beam to pass back through
to the sensor.
2) Mirror replaces sensor from the first configuration.
3) Optic set only required for the X-Y sensor.
4) The new position of the sensor.
so could limit the disturbance sensitivity range of the system if it is centered too close to an
edge.
3.1.2.3 Dual Sensor Configuration
In order to simplify initial calibration and alignment, it was decided to utilize both sensors.
Because lateral displacement is not affected by the spacing between the laser container and
the tracking turret, the quadrant detector was placed above the second FSM in the turret.
This would be the same position as in the single sensor configuration seen in figure 3.4. In
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order to accommodate this the mirror intended to double the test beam path length must
be partially silvered to allow transmission of the referencence beam through to the quadrant
sensor. The rest of the configuration is the same as that of the single sensor, double beam
pass configuration. This configuration is exhibited in figure 3.6.




Figure 3.6: Dual sensor test beam configuration.
1) Partially silvered mirror.
2) Quadrant photodiode.
3) X-Y Detector.
There are more advantages to this configuration beyond that of simplified initialization
and calibration algorithms. The distance between the container and the turret is not fixed.
Because of this, the resolution of the system can vary between deployments. This dual sensor
configuration has the potential to identify the system resolution. The individual fixed sizes
of each of the sensors can act as limit switches. The FSMs can be used to move the test
beam from the center to the edges of both of the sensors, which can be detected by a drop in
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the overall incident power on each. The difference between when each limit is hit will reflect
the sweep of the beam and allow the calculation of the distance between the tracking turret
and laser container. With only a single sensor, FSM position feedback is required to tune
the controller for a specific deployment automatically.
3.2 Hardware Considerations
Because this design requires adding new hardware to the optical coupling, as well as interfac-
ing to existing hardware, the existing limitations and new requirements must be identified.
The provided microcontrollers only have digital I/O lines. Four of these lines provide pulse
width modulation (PWM) control which can be utilized in conjunction with an H-bridge and
power amplifier in order to control the FSM actuators. The photodiode sensors have three
and four analog outputs each. Analog to digital converters must be provided to provide their
feedback to the microcontrollers. The hardware will be discussed more in depth in chapters
4 and 6 on the simulation and implementation.
3.3 PID Configuration
Given the simple nature of the feedback possibilities, PID control became the first candidate
for the FSM controllers. A separate PID controller can be utilized for each actuator in each
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of the two FSMs. Each FSM should have a separate PID control pair, in order to separate
control to one of two different microcontroller units. Additionally, it would be advantageous
to allow the PID gains to be tuned during a system calibration.
3.3.1 Decoupling FSM X and Y Actuator Adjustments
The FSM controllers themselves, however, pose a possible complication due to the mechanical
coupling of mirror adjustments between the X and Y actuators. Utilizing the simulator, a
”lawnmower” algorithm swept the beam back and forth through the entire range of movement
for the X and Y actuators in the first FSM. The results of this sweep show that over the
range of the photodiode surface, the corresponding actuator positions are, for the most part,
linear. This correlation between actuator position and beam position on the photodiode can
be seen in 3.7. The factor between actuator position and beam position can be utilized to
scale the error in the PID controller.
Because the current FSM actuators do not have position feedback which would allow
this scaling data to be produced, the calibration during implementation will come initially
from simulation, and ultimately from the limit calibration between the two sensors in the
dual sensor configuration. With a known initial reference beam width, this could be done
more easily with camera sensors. Without these, all that is needed is the time required for
the beam to travel from the center of both photodiodes to the edge of the duolateral sensor
along the four major axes.
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Full sweep, zoomed out
Figure 3.7: Correlation between FSM1 displacements and the beam position on the duolat-
eral photodiode. The full beam sweep is shown in the inset to illustrate the nonlinearity
resultant from the X and Y coupling.
3.3.2 PID equations
The control signals for the FSM actuators simply control a PWM output. Like any traditional
PID loop, the control signal to each actuator has a separate equation based upon X and Y
error. The control signal is a summation of the different numerical properties of the error
signal and corresponding gains. Classic PID control utilizes the actual error, error integral
and error derivative each with their own gain to compute a control signal. Because of the
swap of the X and Y axis between the FSM coordinate system and the reference beam
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coordinate system, X error is utilized to control γy, and Y error controls γx. These reference
changes are discussed further in the following chapter on the simulation. The PID controller
for this system will be a generic PID controller with an additional second derivative term.
Also, because of the decoupling adjustment discussed, there is an additional scaling factor
applied to the incoming error signal in addition to a conversion from a voltage to a beam
position. The generic controller equation is laid out in equation (3.1)
γv = Pε + I
∫
ε + Dε̇ (3.1)
where γv is the new commanded velocity to the actuators and ε is the error. The coefficients




Before making any major system design choices, the optical path underwent analysis for the
construction of a simulation. The simulator was written in MATLAB R© with the aid of
Simulink R©. The reason for simulating the optical path is twofold. First, it is important to
understand the dynamics of the system being controlled. Second, it is possible to test and
verify just about any desired digital control system once the system dynamics are established
for simulation. This implies that the simulation should be written in a modular format, such
that different control methods and configurations could be easily achieved.
4.1 Simulation Modularity
In the construction phase of the simulator, all of the major aspects of the optical path
were identified for modeling purposes. This included the laser beam, FSMs, optical sensors,
optics, free space, disturbances and the digital controller which was yet to be designed. The
simulation regards each of these as either a component or a signal in the system. The various
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components have inputs and outputs that relate to other modeled segments of the optical
path. It is in this capacity which Simulink R© provides an advantage of faster prototyping
than if the simulator were entirely coded by hand in a traditional programming language
such as C, C++ or even straight MATLAB R© code. Simulink R© provides the ability to

































Figure 4.1: Simulink R© model for the simulation of the MELT optical coupling.
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The signals in the simulation are primarily the laser beam, disturbances, and electrical
signals from the sensors and to the motors. Each of the modules in the system needs to be
able to receive one or more of these signals. The most important signal is the reference laser,
which is utilized by every pre-existing aspect of the optical path. It was important to make
sure that the laser signal was fully modeled. Although not all characteristics of the beam
are required, it is important to include them to ease future adjustments to the system. For
instance, the small differentials at which this system operates make any skewing of the beam
footprint on the sensors negligible. If a sensor were to be upgraded to a CCD array, however,
then the much finer resolution of this sensor may require the beam skew to be calculated for
the sensor contact area. As a result, this modularity dictates a certain level of thoroughness
in order to avoid a complete system re-work in future expansion upon the simulator.
4.2 Reference Beam Model
Since it is most important, the reference beam is addressed first. The laser utilized for
the reference beam is a green Helium Neon (HeNe) beam. The laser’s label printed on the
barrel indicates a wavelength, λ, of 543.5nm. The simulation focuses on the position and
propagation of the laser beam. The common approach for modeling this information is with
the aid of ray matrices, also known as ABCD matrices[6, 7, 8, 9].
Ray matrices are intended to translate a laser beam’s position through optical systems,
including free space. To utilize ray matrices in three dimensions, the beam must be broken
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down into two individual two-dimensional models of the beam in the X and Y directions. For
each two-dimensional representation, there is a single shared optical reference axis which is
collinear with the direction of beam propagation which is the Z axis in the model. The only
information required to represent the laser’s position in this model is the beam’s offset from
this axis, Rx and Ry. These are commonly referred to as the beam’s transverse coordinates,
with respect to the optical axis represented by Z. The derivative values Ṙx and Ṙy with
respect to z are needed in order to calculate future positions of the beam. This information









These four values are not the only items required to represent the reference beam. All
of the values to calculate the size and shape of the beam’s spot incident on the sensors are
also required. These include the beam width at any given location, wavelength, beam waist,
propagation distance and quality factor. These values are important for determining the
beam’s spot size at any given point along the path of propagation. Additionally, making
the quality factor available gives the ability to transcend theoretical calculations to a more
realistic computation of the beam at any point in the propagation.
The three properties of interest along any point in the beam path are going to be the
beam’s spot shape, area and intensity distribution. These are the most useful values due
to their provisions in active beam placement. This is especially the case for the beam spot
area and shape. The propagation distance and any angle divergences can be most accurately
derived from this information. The radius of the beam at any given distance z is defined by




















In equation (4.2), the subscript M is indicative of the value being calculated with the quality
factor M2. Choosing the equation is a matter of required accuracy and the actual value of
the quality factor M2. Most HeNe lasers have a quality factor 1 < M2 < 1.1[10].
When the laser beam has zero angular divergence from the optical reference line, the
beam spot will have a circular shape with a radius calculated from either equation (4.1) or
(4.2). When this is not the case, however, the cross section of the laser beam which comprises
the beam spot will be elongated along a line parallel to direction of the beam’s net angular
divergence from the optical reference. The width of the elliptical beam spot will remain the
same as the beam width, however, the length will be directly proportional to the beam angle.




= 2w(z) sec(θ) (4.3)














Figure 4.2: Illustration of the skew relationship between the reference beam’s spot and the
beam’s angle of incidence, which is geometrically equivalent to the beam angle from the
point of propagation.
Because camera sensors are not being used in this controller solution, the beam spot
size is fixed at 1.6mm in the simulation. The skew in equation (4.3) is simply for reference.
Based upon this equation, a beam skew of 1000µrad at most would provide a spot elongation
of
a = 1600µm sec(1000µrad) = 0.8nm
This is well below the resolution of the photodiode sensors. Also note that based upon
equation (2.1), with only a 10m reference beam path , the beam travel would be approxi-
mately 10mm across the diode surface. This would introduce unwanted nonlinearities into
the system during normal operation. As such, there is no need to implicate beam skew into
the spot size at this time.
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4.3 Free Space Propagation
The model for free space propagation is essentially a ray matrix and ray vector for each of
the X and Y reference planes for beam propagation. The equations for this propagation in
free space, where L is the length of propagation along the Z axis are as follow:
R̂x = Rx + ṘxL (4.5)
R̂y = Ry + ṘyL (4.6)















Utilizing this model for the propagation along a straight line optical axis allows for additional
ABCD matrices to be factored in to a propagation to represent additional optics in the beam
path according to relationships outlined in texts such as those by Siegman[9] or Hecht[6].








Figure 4.3: Laser beam model to illustrate the beam coordinate system.
4.4 Fast Steering Mirror Models
The FSMs have two major sets of equations for the simulation model. The first determine
the angle and position of the beam reflected off of the mirror, and the second set deal with
the actuators which adjust the mirrors. There is a separate but similar model for each of the
two FSMs in the system. Each model comprises an imaginary cube of length L surrounding
the mirror. The mirror is oriented such that it bisects the cube into two triangular prisms.
In this cube there are three separate coordinate systems. There is one coordinate
system for the mirror itself, with the origin located at the mirror’s pivot point and the Z-axis
going upwards, from the mirror face, toward the apex of the other two faces of the triangular
prism. The second and third coordinate systems are for the reference beam entering and
exiting the imaginary prism, respectively. These two coordinate systems have their origins
centered on each of the two prism faces which form the apex bisected by the mirror’s Z-
axis. The coordinates of the beam essentially give the position of the beam transverse to the
optical axis. All of these coordinate systems are right-handed.
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4.4.1 First Fast Steering Mirror
Propagating the beam through a bounce off of an FSM requires two coordinate system
conversions and a beam rotation in between. The fixed coordinate systems are shown in
figure 4.4. The red line represents the direction of forward beam propagation. In addition
to the coordinate system changes and the rotation of the beam, the current position of the
mirror at any given point in time must be referenced based upon the actuator positions γx
and γy. It is important to reiterate that the coordinate system depicted for the mirror itself
remains stationary even when the mirror is adjusted by these actuators.
The first step in the propagation through the mirror’s imaginary prism is to convert
the beam input (BI) and its derivative (ḂI) into a vector (BIV) in the coordinate system of
the mirror (MIP ). The conversion is a two step process to produce the endpoints of BIV.
The first endpoint, BIMIP,1, is essentially the end point from a free space propagation. Rx

















































where R̂x and R̂y are from equations (4.7) and (4.8) respectively. From these two points,
the beam input vector can be defined as:












Figure 4.4: Coordinate systems involved in the model of the first FSM in the optical coupling.
Now that BIV is defined for the MIP coordinate system, the point of reflection can be
found by obtaining the intersection of this vector and the plane of the mirror. The equation
for the plane of the mirror can be obtained from the dot product of the normal to the plane,
Mn, and a vector in the plane. If one of the two points chosen for this vector is defined as the
point of reflection (POR) being sought, then there are now two equations which correlate

















the equation for the plane will be:
0 = Mn · (POR−Mo) (4.14)
In order to include POR in the equation for the line, it can be written as:
tBIV = (POR−BIMIP,2) (4.15)
where t is a parametric segment of BIV. The magnitude of the projection of this segment
onto the normal of the mirror is equivalent to the magnitude of the projection of the line
between another point in the plane, Mo, and BIMIP,2. This relationship yields
(POR−BIMIP,2) ·Mn = (Mo −BIMIP,2) ·Mn (4.16)
which is then combined with the line equation and solved for t in order to obtain the length





Solving the line equation (4.15) to obtain the point of reflection, POR,
POR = tBIV + BIMIP,2
the value of t is then substituted for a complete equation for the point of beam reflection on




BIV + BIMIP,2 (4.18)
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With definitions for the beam input vector, BIV, and the point of reflection on the
mirror, POR, obtaining the reflected vector is the next step. A reflection of BIV is essentially
the rotation of BIV by 180◦ around the normal to the mirror placed at the point of reflection.
Quaternion rotations are utilized in this step in order to avoid the greater degree of rounding
errors and complexity from using pure trigonometric methods[11, 12].
A quaternion rotation through an angle θ about the normal to the mirror is performed
by the multiplication of the rotation quaternion, the vector to be rotated, and the conjugate
of the quaternion. This produces another quaternion which is essentially the rotated vector.
If the rotation quaternion is represented by Γ(∆θ), the quaternion for BIV is Γ(BIV), and
the conjugate of the rotation quaternion is Γ(∆θ)∗, then the resulting quaternion for the
reflected beam is calculated as:
Γ(BOV) = Γ(∆θ)Γ(BIV)Γ(∆θ)∗ (4.19)
Equation (4.19) is not useful until there is a way to derive the required rotation quater-
nion, Γ(∆θ), and its conjugate. Also, BIV must be represented in quaternion form as
Γ(BIV). Additionally, in order to utilize these calculations in simulation, the quaternions
must be represented as matrices. Quaternions in general are represented as three dimen-
sional vectors with a fourth dimension. The typical form is a + bi + cj + dk. If the vector
BIV were to be represented as a quaternion, xi+yj +zk from the vector form would simply
translate to a + bi + cj + dk where a = 0, b = x, c = y and d = z. For representation of the
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quaternion in matrix form[11],
Γ(X) =

a −b d −c
b a −c −d
−d c a −b
c d b a

(4.20)
where X denotes the particular quaternion. Obtaining the rotational quaternion Γ(∆θ)











Mn = a + bi + cj + dk (4.21)
where θ is the angle of rotation. The conjugate of this in matrix form is simply the transpose
of the matrix. BOV, the reflected outgoing vector, is obtained by simply selecting the







Now that the vector for the reflected beam has been determined, the intersection of
this beam and the outgoing prism face (OPF ) needs to be calculated. The intersection is
needed to calculate the beam’s transverse coordinates. This calculation is very similar to
that of finding the point of reflection in equations (4.14) to (4.18). First, however, the normal


































With these two values, the point of intersection of BOV and OPF is defined as:
OPFBOV =
(OPFr − POR) ·OPFn
BOV ·OPFn
BOV + POR (4.25)
With the outgoing vector and the point of intersection of this vector in the OPF plane,











The derivatives of these coordinates ( ˙BO) also need to be calculated for a full representation
of the beam’s position. These transverse changes could be calculated for the vector between
POR and OPFBOV , however, it is less complex to extend this vector to the face of the
cube opposite the plane OPF . This plane will be referred to as the imaginary prism face
(IPF ) since it is not part of the prism enclosed by the three coordinate systems. Given the
intersection of the vector and IPF , the transverse coordinates can be calculated. Because
this plane is on the back side of a cube, and parallel to OPF , it has the same normal such








Revisiting the equations for intersection of a plane and a line, the equation for the vector
BOV intersects with the IPF plane at
IPFBOV =
(IPFr − POR) · IPFn
BOV · IPFn
BOV + POR (4.28)
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With this point defined, the only thing left to do is to convert it to transverse coordinates















And the derivatives are then taken as the difference between these points at the IPF plane





4.4.2 Second Fast Steering Mirror
The second FSM is very similar to the first FSM. The differences, however, are in the
placement of the coordinate systems and thus how transverse coordinates are translated
to and from MIP coordinates, and how reference points are chosen. An illustration of



































































Figure 4.5: Coordinate systems involved in the model of the second FSM in the optical
coupling.


































Making these equation modifications allows the second mirror to be modeled.
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4.4.3 Return Path FSM Equations
The dual sensor feedback configuration requires the reference beam to propagate through
both FSMs a second time on a return path. The same seven equations are the only elements
of the FSM model requiring modifications. As in the model for the second FSM on the first





















































































































































































Making these equation modifications allows the second mirror to be modeled for the return
path.
4.4.4 FSM Actuators
The simulation still needs to account for the positions of the actuators (γx and γy) in equation
(4.12). The data sheet[3] for these linear actuators provides no insight into the properties
of the motor inside other than it is a 12V DC motor. As such, modeling the translation of
the actuators is a bit of guess work. Fortunately, the data sheet does provide information
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about the translation speeds. This will suffice for simulation purposes, however, it is being
recommended that these antique actuators be replaced with higher resolution fast stepping
motors or voice coil servos with no backlash.
The position of the actuators is calculated during every time-step, Ts, of the simulation
based upon their position from the previous time-step and their predicted average velocity
over the previous time-step. The velocity is predicted based upon a linear relationship
between the actuator’s speed range and voltage range. This linear relationship is determined
by a constant, β, which is derived from the data sheet’s listed maximum linear velocity.
A change in direction, which would normally be undertaken with an H-Bridge circuit, is
simulated simply by changing the voltage sign and providing a dead zone centered over
the zero-crossing. This is an idealized model for these actuators, however, there are no
measurement tools freely available to characterize these motors more accurately. As a result,
theoretical relationships for velocity and position are depicted in equations (4.46) and (4.47).
In practice, the commanded voltage, SLv, would be a PWM signal.
γ̇Ts+1 =

0 −3 < SLv < 3
β SLv
12
SLv ≤ −3, SLv ≥ 3
(4.46)
γTs+1 = γTs + γ̇Ts (4.47)
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4.5 Sensor Models
There are two sensors, the duolateral photodiode and the quadrature photodiode, which are
to be simulated. Both of these sensors operate with many of the same operating charac-
teristics. According to the data sheets[5, 4], both sensors have a slew rate of 10V/µs. The
As such, neither sensor requires memory for the previous time steps during the simulation.
Assuming the optimal range of ±12V DC and the full external bias of ±25V DC, the best
possible resolution, per the data sheets, is 0.25µm. In the case of the duolateral sensor, this
output is continuous for the entire surface area of the sensor. For the quadrature photodi-
ode, the output becomes irregular when the beam is no longer touching all four quadrants.
The duolateral sensor has a non-linearity as well, but only at the edges of the photodiode.
So, despite the similarities between these two sensors, two separate models are required for
simulation. For both of them, Pacific Silicon, the makers of both the photodiode sensors,
claim the output to be mostly linear; the areas of nonlinear response are at the edges of the
sensors.
4.5.1 Quadrature Photodiode Model
The quadrature photodiode has the same nonlinearity at the sensor’s edges which is present
in the duolateral sensor. With the nature of the quadrant nonlinearity, the size of the beam
will optimally be half the diameter of the photodiode surface. This is not practical, however,
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since it would dictate the spacing of the STRIPS module from the laser container in order
to control the beam spread. If not spacing regulation, different optics sets would be required
to change the beam spot sizes. Because these optics would be non-paraxial, this becomes
overly complex for a simple flexible solution. Realistically, the beam spot size is going to be
less than half the width of the photodiode.
Specification Units Value
Power Supply Vs Maximum V ±18
Power Supply Vs Minimum V ±4.5
Power Supply Vs Recommended V ±15
Maximum Output Voltage V ±(3 + Vs)
Output Current Maximum ma 25
Maximum Bias V Vs




Maximum Light Intensity W/cm2 1.5
Maximum Temperature ◦C 70
Minimum Temperature ◦C 0
Maximum -3dB Bandwidth kHz 257
Table 4.1: Quadrature Photodiode (QP50-6-SD) specifications from the data sheet[4].
As for the linear part of the model, this is simply represented by the relationship set
up in the data sheet[4]. Table 4.1 outlines the specifications of this sensor. Accordingly, the
X sensor output is the difference of the left and right quadrant sums, while the Y sensor
output is the difference of the top and bottom quadrant sums. Because the diameter of
the quadrature sensor is 10mm, the rail to rail outputs of the sensor will be divided over
this length to produce the volts per micrometer relationship needed for simulation. The
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4.5.2 Duolateral Photodiode Model
As already stated, the duolateral sensor has a different model. There is no physically visible
demarcation for the zero point on this sensor as there is for the quadrature photodiode. The
model simply takes the beam position over a continuous linear relationship from one side of
the sensor to the other. At the edges, there is an asymptotic relationship for the voltage until
the beam spot is completely off the surface of the photodiode. At this point, the voltage
drops to zero for both outputs. The intensity drops can be useful for calibration, however,
this nonlinearity is avoided during normal operation. As such, it is simply represented by
a saturation limiter in the simulation and the asymptotic approach to the voltage rail is
ignored. This is a safe assumption because of the limited resolution of the analog to digital
conversion.
Because the height and width of the duolateral sensor are 10mm each, the rail to rail
outputs of the sensor will be divided over this length to produce the volts per micrometer
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Specification Units Value
Power Supply Vs Maximum V ±18
Power Supply Vs Minimum V ±10
Power Supply Vs Recommended V ±15
Maximum Output Voltage V ±(Vs − 3)
Output Current Maximum ma 25
Maximum Bias V ±(Vs + 10)




Resolution (bias dependent) µm ≥0.25
Linearity (bias dependent) ±1% of full scale
Maximum Light Intensity W/cm2 1.5
Maximum Temperature ◦C 70
Minimum Temperature ◦C 0
Maximum -3dB Bandwidth kHz 257
Table 4.2: Duolateral Photodiode (DL100-7PCBA) specifications from the data sheet[5].









The 12 in the numerator is from the 12V spread for half of the photodiode’s surface length.
It follows that the 5000 is representative of this length, however, the units are micrometers
because the units of Rx and Ry are also micrometers.
4.6 Disturbance Models
The disturbance model for the simulation is designed to be a hybrid deterministic and
stochastic system. This allows for the analysis of impulse and step responses in addition
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Disturbance Events
Time (s) Rx Ṙx Ry Ṙy
0.0050 1 0 0 0
0.0051 0 0 0 0
0.0100 0 0 1 0
0.0101 0 0 0 0
0.0150 2 0 0 0
0.0200 0 0 0 0
0.0250 0 0 2 0
0.0300 3 0 3 0
0.0500 0 0 0 0
Table 4.3: Simulation disturbance injection event table. 0 indicates zero disturbance, 1
indicates impulse, 2 indicates step and 3 indicates gaussian noise.
to analysis of the system’s ability to reject a gaussian noise input into the optical coupling.
An event table is utilized to indicate time based noise events to a noise controller which stim-
ulates the system. The event table is designed to allow events to occur separately for each
of the four beam position characteristics at the disturbance injection point in the system.
An example table 4.3 shows an example timeline which is depicted in figure 4.6.
4.7 Controller Model
The last element of the simulator is the controller. The controller layout is based upon
the dual sensor arrangement already seen in figure 3.6. This configuration gives the most
flexibility for experimentation. Because there are four separate feedback signals, this provides
for a PID control loop for each of the four FSM actuators. These are divided into two PID
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Figure 4.6: Noise signal sampled from simulation with data produced by event table 4.3.
control modules, one for each FSM. The PID gains are easily tuned through a Simulink R©
block interface.
In order to simulate the system accurately, the digitization of the feedback signal as it
enters the controller must also be represented. The ADC quantization effect can affect the
stability of the controller by simply reducing the resolution of the beam position feedback
from the photodiode sensors. As such, in order to achieve the maximum possible resolution
that the sensors allow, a high enough resolution ADC must be chosen.
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Table 4.4: Resolution realized per number of ADC bits with a 24V reference.
With the rail to rail voltage of the sensor outputs at 24V , the resolution is essentially
this range divided over 2n steps where n is the bit resolution of the ADC. These values are in
table 4.4. The best possible sensor resolution being 0.25µm dictates a minimum resolution
of 0.6mV based upon the sensor model in equation (4.50) for the duolateral sensor. This
means that at least a 16-bit ADC should be utilized. In simulation, the voltages determined
from the sensors are rounded to the nearest quantization based upon the 16-bit resolution.
The PID controller is then implemented based upon equation (3.1).
γv = Pε + I
∫
ε + Dε̇
The error ε is calculated as simply the difference between the current beam lateral offset
from zero. Then, the derivative of this error, ε̇, is calculated as simply the difference in error
between the current and previous time step. The integral of this error,
∫
ε is calculated with
forward Euler integration. The outputs of the controller, for simulation purposes are then
simply a voltage based upon this PID equation. In implementation, a PWM signal would




The simulation was run under various circumstances in order to evaluate the effectiveness
of the simple PID control methods. In the event that simple PID control was insufficient,
this would provide the necessary insight to find and test a new control solution prior to
implementation. As it is currently, however, PID is more than adequate.
5.1 Impulse Responses
The simulation was run for seven consecutive runs over a simulation period of 2ms. This
was sufficient to obtain an impulse response of the system. At a simulation time of 1ms, an
impulse disturbance of 0.1µm was introduced to the system at the optical coupling which
produced an approximate 4.4mV impulse from the duolateral sensor. The impulse was in-
verted for the X axis due to the mathematics of the system. For each of the seven consecutive
runs, the proportional gain of the PID controller, P ,was varied from 0 to 1200. The results
of this can be seen in 5.1 and 5.2.
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Figure 5.1: X impulse responses with PGain varied from 0 to 1200.
As can be seen in both cases, there is an overshoot after the impulse is complete which
increases in magnitude with P . It must also be noted that the impulses were performed in
the X and Y axes simultaneously. It is apparent from the case of the 0 proportional gain
that this coupling has no adverse affect on the system. In the worst case, P = 1200, there is
sign of slight oscillation in the response. For all values of P above zero, the overshoot is back
to near zero within 0.2ms. It should be noted that there are residual errors in the response.
This residual error is least for P = 800, however, for all values of P > 0, it is less than the
0.366mV resolution of the ADCs.
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Figure 5.2: Y impulse responses with PGain varied from 0 to 1200.
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5.2 Step Responses
Like the simulation setup for the impulse response, the simulation was run over a period
of 2ms for seven consecutive runs. At a simulation time of 1ms, a step disturbance of
0.1µm was introduced to the system at the optical coupling which produced an approximate
4.4mV step from the duolateral sensor. The response was inverted for the X axis due to the
mathematics of the system. For each of the seven consecutive runs, the proportional gain of
the PID controller, P ,was varied from 0 to 1200. The results of this can be seen in 5.3 and
5.4. For both cases, X and Y , the unaltered disturbance can be seen when P = 0.


































Figure 5.3: X step response with PGain varied from 0 to 1200.
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Figure 5.4: Y step response with PGain varied from 0 to 1200.
The best response in both cases is when P = 800. This happens to be the best P
value for the impulse responses as well. For P = 1200 and P = 1000, there is an unwanted
overshoot. P = 800 has the fastest response time without overshoot. P < 800 begin to lag
behind in response times. The response time for P = 800 is approximately 1.16ms.
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In order to evaluate the value of a non-zero derivative gain, D, in the controllers, P was
held constant at 800 while D was varied from 0 to 1200. The results are rather unremarkable
and only seem to introduce lag into the system response. The results of these runs can be
seen in figures 5.5 and 5.6.






































Figure 5.5: X step response with PGain set to 800 and DGain varied from 0 to 1200.
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Figure 5.6: Y step response with PGain set to 800 and DGain varied from 0 to 1200.
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5.3 Gaussian Noise Response
With results pointing fairly clearly to the fact that a proportional gain of P = 800 is
sufficient for this controller, it was decided to put the system to the test of a continuous
gaussian disturbance injection at the optical coupling. As in the previous simulation runs,
the disturbance was introduced to X and Y simultaneously. To make the simulation more
realistic, a different gaussian signal was utilized for each X and Y disturbance injection.
To make sure that the choice of P = 800 was indeed the right choice, there were seven
consecutive runs with P varied from 0 to 1200. The results can be seen in figures 5.9 and
5.10.
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Figure 5.7: X response to gaussian disturbance with PGain varied from 0 to 1200.
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Figure 5.8: Y response to gaussian disturbance with PGain varied from 0 to 1200.
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It is clear from these results that all of the gains for P > 0 do a sufficient job at keeping
the signal below the 0.6mV range indicative of the 0.25µm resolution of the sensors. It is
apparent that there is some jitter in the signal as well. It should be noted that the controller
is not seeing this jitter due to the quantization of the signal. Also, in order to more clearly
see the results of P = 800, two additiona plots are shown in 5.9 and 5.10 which superimpose
the response on top of the sensed noise from P = 0.






























Figure 5.9: X response to gaussian disturbance with PGain set to 800.
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Figure 6.1: System block diagram
Simulation is only a preliminary step in this project. As stated in the goals, a working
implementation of the optical coupling control system is desired. The ISTEF group has
predetermined some of the requirements for implementation based upon hardware and com-
ponents currently utilized in other aspects of the MELT system and other projects. This
is a judicious move since this implies that replacements are easily procured, especially out
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in the field. These existing components lead to other system requirements that are not met
with these components alone.
6.1 Hardware Design & Component Selection
With the available components, namely the two photodiode sensors, several rabbit micro-
controllers, and the FSMs already in the beam path, additional components need only fill
in the gaps in the system requirements. The additional systems required include analog
to digital converters (ADCs), H-bridges, power amplifiers, and power supplies. An overall
system diagram is shown in 6.1.
6.1.1 Controller Processing
Because the two FSMs are separated into the two different modules and at least a couple
meters in between, each FSM and sensor pair will have its own Rabbit Microcontroller. The
microcontroller is pictured in figure 6.2.
Since there are two rabbit microcontrollers, one for each FSM, there must also be
a means for them to communicate. The rest of the MELT system has a high level of
interconnectivity on a local area network. For initial alignment and calibration, it is prudent
to include this control system into that interconnectivity via ethernet. This also enables the
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Figure 6.2: RCM3300 Microcontroller
MELT system to collect data on the optical coupling disturbance levels over time which can
be potentially correlated to flaws in tracking data.
As already mentioned the Rabbit has only digital IO ports and four PWM outputs.
This is adequate, however, if external ADCs are utilized to collect sensor data. The PWM
signals alone do not supply enough current to drive the FSM actuators. As such, these
signals need to be amplified with a power amplifier. Also, since the PWM signals are only
duty cycle modulated signals with their peak signal at 12V , the system requires an H-bridge
to change the actuator direction when the PID commands a negative voltage.
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6.1.2 Sensor Data Acquisition
As discussed in the chapter on simulation, the ADCs need to be 16-bit or greater for reso-
lution. In implementation, however, the signal to noise ratio (SNR) of the sensors and the
ADCs must be considered. From the data sheets, the sensor noise level is approximately
15nV/sqrtHz. Even at 1kHz, the noise is only approximately 475nV . So noise from the
sensors themselves is negligible. The ADC must be chosen carefully though. The SNR of the
ADC must keep the noise level half of the magnitude below the 0.6mV resolution required
for the maximum resolution from the sensors. This means that the SNR should be at least
20 log 100.6mV
0.3mV
= 6.02dB for each bit, or about 96dB. In addition to noise considerations, the
sampling speed of the ADC is important. To resolve a 500Hz signal, according to Shannon’s
Theorem, the minimum sampling rate of the ADC should be 1000 samples per second.
Analog Devices makes an ADC, the AD7708, which provides 16-bit resolution with an
SNR of 112dB per the data sheet[13]. The key specifications from the data sheet are listed
in table ??. The sample rate of this ADC is 1365 samples per second, which is more than
adequate to sample the system disturbances.
6.1.3 FSM Actuator Control
The FSMs actuators operate over a voltage range between 0 and 12 volts DC. The PWM
signals need to to be boosted from the TTL levels of the Rabbit to a 12V peak signal with
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Specification Units Value
Power Supply Vs V 3, 3.3or5
Power Dissipation mW 8.75
Resolution bits 16
Throughput Rate kSPS 1.365
Number of ADC inputs 10
Analog Input Range V p− p 2 ∗ VREF
Signal to Noise Ratio (SNR) dB 112
Interface Serial, SPI
Table 6.1: Analog Devices analog to digital converter (AD7708) specifications from the data
sheet[13].
power amplifiers capable of supplying up to 2 amperes of current. This signal should be
regulated with an H-bridge to determine the direction of actuation. An additional set of IO
lines from the rabbit can be utilized to switch the signals with the H-bridge based upon the
sign of the output from the PID equation.
As far as the actual implementation is concerned, an LMD18200 from National Semi-
conductor Corporation provides a single integrated circuit with both the necessary power
amplification and H-Bridge control. This unit is compatible with a direct PWM input from
the Rabbit microcontroller. Additionally, the output is automatically raised from the TTL
levels of the Rabbit to the H-Brige’s voltage supply level, which is 12 volts DC in this
implementation. The IC is also capable of providing a continuous 3 amperes of current con-
tinuously, and 6 amperes peak. All of this information is from the national semiconductor
data sheet[14].
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Component Voltage (V) Current (mA) Power (W)
2 Rabbit Microcontrollers (RCM3305) 3.3 550 1.815
Duolateral Sensor (DL100-7PCBA) 15 25 0.375
external bias 25
Quadrature Sensor (QP506SD) 15 25 0.375
external bias 25
2 Analog to Digital Converters (AD7708) 5 30 0.150
reference voltage 24
2 Dual H-Bridges (LMD18200) 12 8000 96
Total Power 98.715
Table 6.2: Maximum power utilization for the different components in the controller system.
6.1.4 Power Requirements
The MELT system includes generators supplying 120/240V AC for all of the equipment in
the system. The components of the controller all require DC voltages varying from 3.3V DC
for the Rabbits, to 25V DC for the external sensor biases. These power requirements are
outlined in table 6.2.
6.2 Fabrication & Testing
Unfortunately, none of this system will be physically implemented for testing in the near
future. Circumstances beyond control have made the facilities required to implement this
system unavailable. The facilitators of this research from ISTEF are out in Hawaii with
the MELT system conducting experiments for the next month and a half. Given the time




The objectives of this system have not entirely been met. Primarily, the only objective missed
was implementation. Despite the inability to implement the system, simulation shows that
the controller is very successful in an entirely proportional mode with only a single PID
system operating. Response times of less than 1.2ms show that the limiting factors involved
in this system are almost entirely attributed to factors inherent to the equipment utilized.
As such, several recommendations for future implementation are being made.
7.1 Actuators
First and foremost, the largest limitation in the current system is due to the approximate
22ms worst case scenario response lag due to the 6µm backlash of the Oriel actuators.
Granted, the lag will not always be 22ms, however, it is definitely uncertain. Potentially,
this lag could be minimized by turning on the second PID controller, however, there is still
potential for a 22ms lag in disturbance rejection. Rather than wasting efforts attempting to
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shave off a few milliseconds here and there, it is being recommended that these actuators
be replaced with actuators with little to no backlash. Due to the antique nature of these
actuators, obtaining modern actuators with the same actuating velocities and better should
be reasonable.
To further improve upon the system while replacing the actuators, adding an encoder
to the positioning of the actuators would enable a great deal of flexibility in the system.
Alternatively, if higher amplitude disturbance rejection is needed, it may be worthwhile to
invest in some voice coil servos for high speed precision positioning of the FSMs
7.2 Reference Beam & Sensors
Another component to replace would be the duolateral photodiode sensor at the end of
the reference beam path. This is beneficial if the FSM actuators are replaced with higher
resolution alternatives. With a high enough resolution, a camera sensor based upon CCD or
CMOS technology can provide a high resolution position feedback for the reference beam.
This solution would require another subsystem to process the image produced since the
microcontrollers would not be capable. If a Field Programmable Gate Array (FPGA) is
utilized, the entire PID control algorithm could be contained to this system. Not only that,
but the resolution would be high enough to incorporate beam skew for a higher level of
angular disturbance feedback.
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Besides changing out the photodiode sensors, the current sensor performance in imple-
mentation can be improved. It should be noted that the test beam utilized for the optical
reference has a wavelength at the low end of the curve for optimal response shown on the
data sheets for the photodiode sensors[4, 5]. This will prevent the sensors from reaching their
highest possible resolution. The peak of the response curve for the sensors occurs between
900nm and 950nm in wavelength. Choosing a reference beam in this range will increase
resolution performance for the sensors. Further, an optical bandpass filter centered around
the beam frequency should be utilized to minimize noise from ambient light.
7.3 Advantages of the PID Controller
Most of all, this system is capable of introducing many features to the system. For instance,
although the X and Y coupling in the FSM control was shown to be nearly linear, utilizing
the coupling data to scale the error signal eliminates the need to re-tune the controller on
every deployment. Simply running a calibration routine to determine this scale factor will
allow the controller to retain its primary tuning parameter as a constant.
Additionally, the ability to control both FSMs via ethernet commands will allow the
MELT operators to easily align the system when it is deployed. After alignment the system
calibration can be automated. Additionally, no supervision is required, and data can be
collected for later correlation with tracking data. All of this and the ability to retain the
same level of portability make this system fully worth any implementation efforts.
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